The NF-κB signaling pathway is central to the body's response to many pathogens. Mathematical models based on cell culture experiments have identified important molecular mechanisms controlling the dynamics of NF-κB signaling, but the dynamics of this pathway have never been studied in the context of an infection in a host. Here, we incorporate these dynamics into a virtual infection setting. We build a multi-scale model of the immune response to the pathogen Mycobacterium tuberculosis (Mtb) to explore the impact of NF-κB dynamics occurring across molecular, cellular, and tissue scales in the lung. NF-κB signaling is triggered via tumor necrosis factor-α (TNF) binding to receptors on macrophages; TNF has been shown to play a key role in infection dynamics in humans and multiple animal systems. Using our multi-scale model, we predict the impact of TNF-induced NF-κB-mediated responses on the outcome of infection at the level of a granuloma, an aggregate of immune cells and bacteria that forms in response to infection and is key to containment of infection and clinical latency. We show how the stability of mRNA transcripts corresponding to NF-κB-mediated responses significantly controls bacterial load in a granuloma, inflammation level in tissue, and granuloma size. Because we incorporate intracellular signaling pathways explicitly, our analysis also elucidates NF-κB-associated signaling molecules and processes that may be new targets for infection control.
INTRODUCTION
The transcription factor NF-κB is a central inflammatory mediator that is essential for the induction of a variety of inflammatory genes in response to various pathogens and inflammatory cytokines. One such cytokine is tumor necrosis factor-α (TNF), a key regulator of host responses to infection, in particular immune response to Mycobacterium tuberculosis (Mtb), the causative agent of tuberculosis (TB). TNF affects the immune response to Mtb through several mechanisms, including induction of macrophage activation to efficiently kill bacteria (Gutierrez et al., 2008; Harris et al., 2008; Mosser and Edwards, 2008) , induction of chemokine and cytokine expression (Algood et al., 2004) , and apoptosis (Beg and Baltimore, 1996; Van Antwerp et al., 1996; Keane et al., 1997 Keane et al., , 2002 . These activities, regulated by the NF-κB signaling pathway, have made TNF a key factor for restricting bacterial growth in granulomas, aggregates of bacteria and immune cells within the lung that form as a result of the immune response (Algood et al., 2003; Turner et al., 2003; Ulrichs et al., 2004; Lin et al., 2006; Morel et al., 2006; Tsai et al., 2006; Davis and Ramakrishnan, 2008) . Hence, the TNF-induced NF-κB signaling pathway is central to the Mtb immune response, and regulation of intracellular NF-κB signaling dynamics may be key to controlling Mtb infection.
Granulomas are the key pathological feature of TB. If granulomas are capable of containing mycobacteria growth and spread, humans develop a clinically latent infection Russell et al., 2010; Flynn et al., 2011) . However, if granulomas are impaired in function, infection progresses, granulomas enlarge, and bacteria seed new granulomas; this results in progressive pathology and disease, i.e., active TB. In clinical latency, immunologic perturbation at the level of the granuloma can result in reactivation of infection . Several experimental (Flynn et al., 1995; Bean et al., 1999; Roach et al., 2002; Chakravarty et al., 2008; Clay et al., 2008; and theoretical (Marino et al., 2007 (Marino et al., , 2012 Ray et al., 2009; Fallahi-Sichani et al., 2010 , 2011 studies have confirmed the principal role of TNF in containment of bacteria within TB granulomas.
NF-κB in resting cells is bound to IκB proteins that hold it latent in cytoplasm. Binding of TNF to TNF receptor type 1 (TNFR1) results in activation of IκB kinase (IKK) and IKKmediated phosphorylation of IκB proteins that ultimately leads to ubiquitination and proteasome-mediated degradation of IκB. Free NF-κB then accumulates in the nucleus and mediates the transcription of target genes (Hayden and Ghosh, 2008; Baltimore, 2011) . These genes include extracellular signaling molecules such as TNF and chemokines, intracellular proteins such as macrophage-activating molecules (referred to here as ACT) and inhibitor of apoptosis proteins (IAPs), as well as negative regulators of NF-κB such as IκBα and A20 (Pahl, 1999; Hoffmann and Baltimore, 2006; Gutierrez et al., 2008) . The inhibitory impact of A20 on NF-κB results from its roles in attenuating TNFR1 activity and inhibiting IKK activation (Wertz et al., 2004) . The regulation of NF-κB via multiple critical intracellular feedback mechanisms www.frontiersin.org is important for the control of inflammation and immune activation (Hoffmann et al., 2002; Cheong et al., 2006 Cheong et al., , 2008 Kearns and Hoffmann, 2009) . Further, the structural characteristics of the inflammatory genes induced by NF-κB, particularly stability of their corresponding mRNA transcripts, control the dynamics of NF-κB-mediated responses in cells (Hao and Baltimore, 2009 ). However, the significance of intracellular molecular mechanisms controlling the dynamics of TNF-induced NF-κB signaling in regulating the long-term immune response to Mtb infection is poorly characterized.
One can hypothesize that molecules such as NF-κB that have been shown to be critical to immunity against Mtb may have significant effects at the cell and tissue scale, namely on the formation and function of granulomas (Barry et al., 2009; Kirschner et al., 2010) . However, these effects have not been identified. For example, it is unclear how the dynamics of NF-κB-mediated responses (i.e., expression of chemokines, TNF and IAPs, and activation of macrophages) affect formation and function of a granuloma. A critical requirement for such studies is the integration of biological information across multiple biological scales (molecular, cellular, and tissue; Figure 1 ). In this study, we describe a multi-scale computational model that includes: (i) molecular interactions describing the dynamics of the TNF-induced NF-κB signaling pathway, (ii) molecular interactions describing the dynamics of TNFR binding and trafficking, and (iii) cellular/tissue-scale dynamics of the immune response to Mtb. These processes altogether lead to formation of a granuloma. We incorporate a recent model of the NF-κB pathway developed by Tay et al. (2010) based on cell culture data but never explored in the context of an infection in a host. We show that dynamics of TNF-induced NF-κB signaling are critical to controlling bacterial load and inflammation levels at the tissue scale. Further, TNF-mediated activation of resting macrophages, in addition to infected macrophages, is required for a protective immune response, but must be optimally regulated by the immune system to prevent excessive inflammation. We also predict the impact of the dynamics (the extent and the timing) of various NF-κB-mediated responses (i.e., expression of chemokines, TNF, IAPs, and activation of macrophages) on both formation and function of a granuloma. Finally, we ask whether pharmacologically manipulating the NF-κB signaling pathway (for example, by affecting mRNA stability) can improve the outcome of a granuloma that is initially unable to control infection.
MATERIALS AND METHODS

MULTI-SCALE GRANULOMA MODEL
To address questions regarding TNF-regulated host immune responses to Mtb infection in the lung and the impact of NF-κB signaling dynamics on these responses, we developed a multiscale computational model (Figure 1 ) that describes processes over three biological length scales: tissue, cellular, and molecular. Cellular and tissue-scale dynamics are captured via probabilistic rules for interactions between immune cells and Mtb using a stochastic two-dimensional agent-based model (ABM). Single-cell level molecular scale processes include TNF/TNFR binding and trafficking events (defined here to include synthesis, internalization, recycling, and degradation of ligand and receptors) as well as intracellular NF-κB signaling pathway interactions and reactions that are captured by non-linear ordinary differential equations (ODEs). We briefly describe these models below and then describe our approach for linking them.
Our ABM builds on our previous models that capture cellular scale interactions leading to a tissue-level readout, namely granuloma formation in response to Mtb infection in primates (Segovia-Juarez et al., 2004; Ray et al., 2009; Fallahi-Sichani et al., 2011) . The ABM has the following components: agents (immune cells, bacteria, chemokines, and cytokines), the environment where agents reside (a two-dimensional grid representing a section of lung tissue), probabilistic rules that govern the dynamics of agents, including movement, actions, and interactions among agents and between agents and environment, and time-scales on which the rules are executed. Briefly,ABM events include: chemotactic movement and recruitment of immune cells from vascular sources to site of infection, intracellular and extracellular growth of Mtb, phagocytosis of bacteria by macrophages, cell death and apoptosis, macrophage/T-cell interactions such as cytolytic functions of cytotoxic T cells (T c ) and IFN-γ-mediated activation of macrophages by pro-inflammatory T cells (T γ ), down-regulation of immune cells by regulatory T cells (T reg ), diffusion of chemokines and soluble TNF (sTNF), and caseation (formation of an area of dead tissue with a cheese-like appearance in the center of granuloma). Some of the ABM rules are shown in Figure 1A and a detailed description of these aspects of ABM structure and rules can be found in Fallahi-Sichani et al. (2011) . ABM parameters that reflect known biological activities are provided in Table A1 in Appendix. We have now modified our ABM described in FallahiSichani et al. (2011) to facilitate its linking to an NF-κB signaling dynamics model. We now include NF-κB-mediated macrophage activation, NF-κB-mediated chemokine and TNF expression, and NF-κB-mediated inhibition of apoptosis. All of these activities are now controlled as part of the NF-κB signaling dynamics model.
The ODE model describing kinetic processes of TNF/TNFR binding and trafficking occurring in individual cells follows our previous models (Fallahi-Sichani et al., 2010 , 2011 ; Figure 1B ; Tables A2 and A3 in Appendix). We modified the reactions associated with TNF expression in this model to capture the linkage between this process and the NF-κB signaling pathway.
In order to capture the molecular mechanisms that control TNF-mediated responses at the single-cell level, we first need to have a model describing intracellular NF-κB signaling pathway activation that follows TNFR activation due to TNF binding. Then, NF-κB activation must be linked to each of the NF-κB-mediated cell responses that include macrophage activation and expression of chemokines, TNF and IAPs. The single-cell level intracellular NF-κB signaling pathway interactions and reactions are captured by using the deterministic approximation of the two-compartment NF-κB dynamics model presented by Tay et al. (2010) . This model combines the two-feedback NF-κB-IκBα-A20 regulatory module with the signal transduction cascade transmitting the signal from sTNF-bound TNFR1 receptors. TNFR1 activation results in an oscillatory NF-κB response that controls the dynamics of gene expression (Nelson et al., 2004) . The model includes noise due to different levels of TNFRs and total NF-κB molecules across the cell population. This noise results from random assignment of initial values for TNFR densities and total NF-κB molecules to each single cell as described in Tay et al. (2010) .
In this study, we link the molecular scale NF-κB dynamics model described above to four major NF-κB-mediated cell responses in macrophages ( Figure 1C ). These responses are: TNF expression, chemokine expression, macrophage activation, and inhibition of apoptosis. To do this, we incorporate NF-κB-mediated expression of genes corresponding to TNF, chemokines, a generic IAP, and a generic macrophage-activating molecule (ACT), translation of their mRNA transcripts, and secretion of translated TNF and chemokines into the single-cell level NF-κB dynamics model. The generic IAP represents a family of proteins www.frontiersin.org that serve as inhibitors of apoptosis (e.g., cellular inhibitors of apoptosis, c-IAPs) via binding and inhibiting caspase activities (Karin and Lin, 2002) . The generic ACT represents various molecules (e.g., membrane trafficking molecules or lysosomal enzyme) that are induced by NF-κB and are required for activation of a macrophage to efficiently kill bacteria (Gutierrez et al., 2008) . The reactions, parameters, and equations describing intracellular NF-κB signaling pathway processes and NF-κB-mediated responses for an individual cell are listed in Tables A4-A6 The activation of TNF-induced NF-κB signaling pathway requires sTNF binding to cell surface TNFR1. It is this process that links the TNF/TNFR kinetic model to the intracellular NF-κB signaling dynamics model. The activation of the NF-κB signaling pathway initiates four major cellular responses: induction of chemokine expression, TNF expression, macrophage activation (to efficiently kill bacteria), and inhibition of apoptosis. These responses serve as the link between the single-cell molecular scale NF-κB signaling dynamics model and the cellular/tissue-scale model (Figure 1) . Secretion of chemokines and TNF by macrophages into extracellular spaces follows NF-κB-mediated expression of their genes and translation of their mRNA transcripts as described in the NF-κB signaling equations (see Tables A4 and A6 in Appendix). Recent studies on NF-κB activation and apoptosis have shown that these are processes with discrete nature at the single-cell level, with more cells responding to higher doses of stimuli and longer periods of stimulation (Albeck et al., 2008; Tay et al., 2010) . Accordingly, we describe NF-κB-mediated activation of a macrophage as a Poisson process with a probability determined within each time-step (Δt ), based on a Poisson rate parameter that is a function of the macrophage activation rate constant (k ACT ), intracellular concentration of ACT protein [ACT] , and the ACT concentration threshold for macrophage activation (τ ACT ):
Similarly, we model TNF-induced apoptosis for each individual cell by:
We use a Poisson process with a probability computed as a function of the apoptosis rate constant (k apopt ), the concentration of internalized sTNF/TNFR1 complexes (sTNF/TNFR1 i ), and the concentration threshold for internalized sTNF/TNFR1 (τ apopt ).
The inhibitory impact of the NF-κB activation on macrophage apoptosis is captured by:
The magnitude of k apopt is a function of the intracellular concentration of IAP, the apoptosis inhibition coefficient (k IAP ), and the intrinsic TNF-induced apoptosis rate constant (k 0 apopt ). Parameters introduced in Eqs 1-3 are listed in Table A5 in Appendix.
COMPUTER SIMULATIONS AND MODEL OUTPUTS
The multi-scale computational model is used to simulate the immune response to Mtb and granuloma formation in the lung for 200 days post-infection. Simulations are initiated following placement of one infected macrophage with one intracellular bacterium at the center of a grid representing a section of lung tissue (see Fallahi-Sichani et al., 2011 for details) . Cell-cell interactions governed by ABM rules are updated within every ABM time-step (Δt = 10 min). Molecular scale processes, including TNF/TNFR dynamics and NF-κB signaling dynamics at the single-cell level, are updated within shorter time-steps (dt = 0.5 s).
We use several model outputs to track formation and function of a granuloma during the immune response to Mtb. Granuloma size and total number of macrophages and T cells in tissue are used as readouts to track granuloma formation. We also track total number of bacteria and total number of activated macrophages as readouts for quantifying granuloma function. These outputs represent the ability of a granuloma to control infection and inflammation, respectively. Other outputs of interest include chemokine and TNF concentrations in tissue, and caseation area.
We previously showed that the efficacy of TNF in controlling Mtb infection is strongly affected by whether or not macrophages stimulated by TNF are infected (Fallahi-Sichani et al., 2011) . To analyze how NF-κB signaling affects infected versus uninfected (resting) macrophages in a granuloma, we define infected/resting cell ratios, R apoptosis and R activation , as follows. R apoptosis is defined as the ratio of the number of infected macrophages that undergo TNF-mediated apoptosis to the number of resting macrophages that undergo TNF-mediated apoptosis during a 200-day period post-infection. R activation is similarly defined as the number of infected macrophages that become activated (to efficiently kill bacteria) to the number of resting macrophages that become activated during a 200-day period post-infection.
PARAMETER ESTIMATION
We estimate ABM parameter values from literature data or by using uncertainty analysis as described in detail in Marino et al. (2008) ; Ray et al. (2009); Fallahi-Sichani et al. (2011) . Cell-specific TNFR densities and rate constants for TNF/TNFR processes are estimated based on experimental data from our group (FallahiSichani et al., 2010) and other groups as indicated in Table A3 in Appendix. Intracellular NF-κB signaling parameters are as in Tay et al. (2010; Table A5 in Appendix) . Values of parameters used to describe TNF-induced apoptosis and NF-κB-mediated cell responses, including induction of expression of chemokines and TNF, macrophage activation and inhibition of apoptosis, are estimated via uncertainty analysis. This is done by varying parameter values in ranges that are consistent with experimental and modeling data on time-scales of events associated with these responses (Fotin-Mleczek et al., 2002; Rangamani and Sirovich, 2007; Albeck et al., 2008; Hao and Baltimore, 2009; Tay et al., 2010) . We specify a baseline set of parameter values (containment baseline values as listed in Tables A1, A3 , and A5 in Appendix) that robustly leads to control of infection in granulomas with organized structures as reported for humans and non-human primates.
MODEL VALIDATION
Immunity to Mtb in humans and animal studies has been attributed to activities of a variety of factors, including specific immune cells (e.g., macrophages and T cells), cytokines (e.g., TNF and IFN-γ), chemokines (e.g., CCL2, CCL5, CXCL9/10/11), immune receptors (e.g., TNFR1), and signaling pathways (e.g., NF-κB). Our new multi-scale computational model [resulting from the incorporation of the single-cell level NF-κB signaling dynamics (Tay et al., 2010) , as indicated in Figure 1 , into our previous generation model (Fallahi-Sichani et al., 2011) ] must retain its ability to reproduce experimental findings regarding the importance of these factors in control of infection. Our model is able to recapitulate different types of granuloma with different abilities to control infection and inflammation (Figure 2) . Using a baseline set of values for model parameters (Tables A1, A3 , and A5 in Appendix), our model captures a state of equilibrium between the host and Mtb termed bacterial containment (Figure 2A ). This state represents control of infection for more than 200 days within a well-circumscribed granuloma containing stable bacteria numbers (<10 3 total bacteria). Simulated containment granulomas closely represent experimentally characterized solid granulomas (Algood et al., 2003; Turner et al., 2003; Ulrichs et al., 2004; Lin et al., 2006; Morel et al., 2006; Tsai et al., 2006; Davis and Ramakrishnan, 2008 ) that are predominantly composed of uninfected macrophages surrounding a core of bacteria and infected and activated macrophages with T cells localized at the periphery. Varying values of important model parameters lead to other possibilities, including clearance of bacteria, uncontrolled growth of bacteria, or excessive inflammation.
We also perform virtual deletion and depletion experiments that mimic experimental gene knockout or molecule depletion studies. Loss of activity is achieved by setting relevant parameters (e.g., probabilities or rate constants) to zero or raising relevant thresholds to an unattainable level. Virtual deletion refers to the loss of activity from the beginning of simulation (such as a gene knockout) and virtual depletion refers to the loss of activity after establishment of a granuloma. Specifically, we simulate gene knockouts of previously identified essential components of the Mtb immune response (e.g., TNF, TNFR1, IFN-γ, and T cell knockouts). These simulation studies are used for testing the ability of the model to predict different infection outcomes under pathological conditions compatible with both experimental and previous modeling data on granuloma formation. Simulations of TNF or TNFR1 knockout ( Figure 2B ), IFN-γ gene knockout, and deletion of T cells (data not shown), in agreement with experimental data and our previous modeling studies (Flynn, 2004; Segovia-Juarez et al., 2004; Lin et al., 2007; Ray et al., 2009; Fallahi-Sichani et al., 2011) , lead to uncontrolled growth of Mtb and formation of granulomas with irregular structures that include very high numbers of extracellular bacteria, large numbers of infected macrophages, and widespread caseation. In contrast, inhibition of TNFR1 internalization, a process critical to control of TNF concentration and apoptosis (Fallahi-Sichani et al., 2010 , 2011 , leads to excessive inflammation by which we mean recruitment of a large number of immune cells in tissue, uncontrolled activation of macrophages, and very high concentrations of TNF ( Figure 2C ).
SENSITIVITY ANALYSIS
A second approach to identify important processes that determine infection outcome is to use sensitivity analysis. We use sensitivity analysis to analyze the impact of parameters describing events at different scales (molecular, cellular, or tissue scales) on model outputs describing granuloma outcomes. In particular, we use sensitivity analysis techniques adapted for use in ABMs to analyze the impact of NF-κB signaling-associated 
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parameter values on model outputs such as bacteria numbers, macrophage and T cell numbers, chemokine and TNF concentrations in tissue, granuloma size, and caseation area. Latin hypercube sampling (LHS) is an algorithm that allows multiple parameters to be varied and sampled simultaneously in a computationally efficient manner (Blower and Dowlatabadi, 1994) . The correlation of model outputs with each parameter is quantified via calculation of a partial rank correlation coefficient (PRCC). PRCC values vary between −1 (perfect negative correlation) and +1 (perfect positive correlation) and can be differentiated based on p-values derived from Student's t test. Here, we performed 700-sample LHS simulations for each parameter. Each sampled parameter set was run four times (to account for stochasticity) and averages of the outputs were used to calculate PRCC values. The choice of the number of simulations is determined by the desired significance level for the PRCC (Blower and Dowlatabadi, 1994; Marino et al., 2008) . Here, 700 runs imply that PRCC values above +0.13 or below −0.13 are significantly different from zero (p < 0.001).
PROGRAMMING AND VISUALIZATION
The model was implemented in C++. We use Qt, a C++ framework that runs our simulations on multiple platforms (Linux, Windows, and Mac OS) with a graphical user interface (GUI). Through the GUI, one can visualize and track different aspects of the granuloma, including the structure and molecular concentration gradients, as the granuloma forms and is maintained. Simulations can be run with or without graphical visualization. For more detailed description of the Qt framework applications in studying granuloma characteristics see .
RESULTS
CONTRIBUTION OF NF-κB SIGNALING FACTORS TO CONTROL OF GRANULOMA OUTCOMES
We know from both experimental data and our previous modeling studies that TNF availability and activities (i.e., macrophage activation, induction of TNF and chemokine expression, regulation of immune cell recruitment, and induction of apoptosis) within a granuloma are essential to control of infection (Keane et al., 2001; Winthrop, 2006; Marino et al., 2007; Chakravarty et al., 2008; Ray et al., 2009; Fallahi-Sichani et al., 2011) . The NF-κB signaling pathway activated as a result of TNF binding to TNFR1 on the membrane of immune cells is critical for regulation of these activities. Having validated that our multi-scale model gives results consistent with experimental data (see Materials and Methods, Figure 2) , we now predict the role of biochemical factors and interactions associated with the NF-κB signaling pathway on important outcomes at the granuloma level: number of bacteria, granuloma size and amount of caseation, and TNF concentration.
We analyze the impact of TNF-mediated NF-κB signalingassociated parameters in six groups as defined in Table A5 in Appendix: (1) concentration of intracellular signaling molecules [NF-κB, IκBα kinase (IKK), and IKK kinase (IKKK)], (2) processes associated with activation of the signal transduction cascade, (3) A20 and IκBα synthesis, (4) IκBα interactions, (5) NF-κB and IκBα transport between cytoplasm and nucleus, and (6) NF-κB-mediated cell responses (TNF and chemokine expression, macrophage activation, inhibition of apoptosis). Notably, parameters identified to have strong correlations with bacterial levels within a granuloma, i.e., granuloma function, belong to groups 1-3 and group 6 (see Table 1 and Tables A7 and A8 in Appendix). Processes within groups 4 and 5, although essential for NF-κB activation, have a less significant impact on model outputs as compared to other groups when they are all varied within a 10-fold range around their baseline values. Within group 1, increasing the average number of NF-κB molecules per macrophage significantly enhances macrophage activation and thus reduces bacterial numbers within a granuloma. This is consistent with the published data on the role of NF-κB in activating macrophages to kill mycobacteria (Gutierrez et al., 2008) . Similarly, IKKK activation (from group 2), a key process in NF-κB signaling cascade that occurs following TNF binding to TNFR1, strongly and negatively correlates with bacterial load. Among group 3 parameters, the rate of NF-κB binding at A20 and IκBα gene promoters as well as the rates of A20 and IκBα mRNA synthesis and translation positively correlate with bacterial levels. In contrast, increasing A20 and IκBα mRNA and protein degradation rates impairs granuloma's ability to control infection. These results highlight the important role that the NF-κB-IκBα-A20 feedback regulatory module plays in the regulation of the NF-κB-mediated cell responses (Cheong et al., 2008) , and thus in the regulation of granuloma function.
Finally, group 6 comprises important parameters with strong effects on most model outcomes. Parameters that control either TNF expression or macrophage activation significantly influence granuloma function and thus bacterial load within a granuloma. In contrast, parameters that only affect chemokine expression or apoptosis do control granuloma size (formation) but without exerting strong effects on bacterial load (see Table 1 and Table A8 in Appendix). This is consistent with our previous studies indicating that TNF-induced macrophage activation is a key mechanism for controlling bacterial growth (Ray et al., 2009 ). The rate of NF-κB-dependent mRNA synthesis for chemokines, TNF, the generic macrophage-activating molecule (ACT), and the inhibitor of apoptosis (IAP) is an important parameter. It strongly and positively correlates with all TNF-induced cellular responses in tissue (i.e., apoptosis, TNF and chemokine expression, and macrophage activation) and negatively correlates with bacterial load, caseation, and granuloma size. The stability of TNF mRNA, as well as TNF translation, degradation, and secretion significantly control granuloma outcomes. Increasing the rates of degradation of TNF mRNA and intracellular TNF or reducing the rates of TNF translation and secretion enhance bacterial numbers, caseation, and granuloma size. In addition, the ACT translation rate (negatively), and the ACT degradation rate as well as the ACT concentration threshold for macrophage activation (positively) correlate with bacterial load within a granuloma. Increasing the chemokine secretion rate or reducing the chemokine mRNA degradation rate elevates chemokine concentration in tissue, enhancing immune cell recruitment, and granuloma growth.
Overall, each of the above parameters identified as critical for formation and function of a granuloma represents a potential target for therapeutic modulation. Hence, we focus our next analysis on the potential effects of manipulation of each of these parameters. 
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OPTIMAL REGULATION OF NF-κB SIGNALING DYNAMICS FOR CONTROL OF INFECTION WITHOUT INDUCING EXCESSIVE INFLAMMATION
The analysis above highlights various NF-κB signaling pathwayassociated biochemical factors and intracellular interactions that show significant impacts on infection outcomes at all scales (molecular, cellular, and tissue). How do these responses influence granuloma formation? Does manipulation of these mechanisms alter infection outcome at the granuloma level? The effects of manipulation of four important NF-κB-associated factors as identified by sensitivity analysis -(i) average number of NF-κB molecules per cell, NF-κB tot , (ii) IKKK inactivation rate constant, k i , (iii) A20 and IκBα mRNA degradation rate constant, c 3 , and (iv) TNF mRNA degradation rate constant, c 3rTNF -on granuloma formation, total number of bacteria, sTNF concentration, and macrophage activation after Mtb infection are shown in Figure 3 . The values of these parameters significantly determine the ability of a granuloma to control bacterial load. Small numbers of NF-κB molecules per cell, slow rates of A20 and IκBα mRNA degradation, rapid rates of IKKK inactivation, and rapid rates of TNF mRNA degradation all lead to uncontrolled growth of bacteria within a 200-day period post-infection ( Figure 3B) . These effects result from reduced rates of TNF-induced activation of macrophages, diminishing their ability to kill bacteria. Slowly altering the values of these parameters to intermediate levels reduces bacteria numbers and leads to containment of bacteria within a stable granuloma. Further increasing the values of parameters NF-κB tot and c 3 , or further reducing the values of parameters c 3rTNF and k i from their containment-level values each further reduces bacterial numbers and increases the chance of infection clearance. However, these clearance outcomes are generally accompanied by uncontrolled rates of macrophage activation and cell infiltration as well as very high concentrations of TNF in tissue; markers of excessive inflammation and immunopathology (Figures 3C,D) . Overall, as depicted in Figures 3A-D The parameters are: the average number of NF-κB molecules per cell (NF-κB tot ), IKKK inactivation rate (k i ), A20 and IκBα mRNA degradation rate (c 3 ), and TNF mRNA degradation rate (c 3rTNF ). In each simulation, only one of these parameters is varied. The baseline (intermediate) values of these parameters lead to clearance or control of infection in stable granulomas with very low bacterial numbers, low levels of TNF, and low levels of macrophage activation. Perturbing the NF-κB signaling dynamics by varying values of these parameters impair the balance toward either uncontrolled growth of bacteria or excessive inflammation (high TNF concentrations and high levels of macrophage activation) in tissue. The baseline value of each parameter is as reported in Table A5 in Appendix and is as follows: NF-κB tot = 10 5 , k i = 10 −2 s −1 , c 3 = 7.5 × 10 −4 s −1 , c 3rTNF = 3.8 × 10 −4 s −1 . The difference between the low value and high value presented in the figure is one order of magnitude.
activation. Perturbing NF-κB signaling dynamics by varying values of these parameters (i.e., rates at which these processes occur) impairs the balance toward either uncontrolled growth of bacteria or excessive inflammation in tissue. Hence, our model predicts that the optimal regulation of the TNF-mediated NF-κB signaling pathway is essential to controlling infection and inflammation in tissue. The balance between the NF-κB-mediated bacterial killing activities and the NF-κB-mediated inflammation results in an equilibrium state, i.e., containment of bacteria within a stable granuloma with minimal inflammation.
HOW DO NF-κB SIGNALING DYNAMICS BALANCE INFLAMMATION AND BACTERIAL KILLING?
How do the NF-κB-associated intracellular processes identified above affect the balance of inflammation and bacterial killing activities within a granuloma? We previously showed that the impact of TNF concentration on granuloma outcomes is strongly correlated with whether or not macrophages stimulated by TNF are infected (Fallahi-Sichani et al., 2011) . This motivates us to test whether there is a correlation between the effect of NF-κB signaling dynamics on granuloma function (as described in Figure 3 ) and the infection status of macrophages stimulated by TNF during the immune response. Thus, we analyze the infection status of macrophages that become activated or undergo apoptosis after Mtb infection by computing infected/resting cell ratios, R activation and R apoptosis , as defined in Section "Materials and Methods." Our model predicts a very significant effect of important NF-κB-associated parameters on both R activation and R apoptosis (Figure 4) . At small numbers of NF-κB molecules per cell, slow rates of A20 and IκBα mRNA degradation, rapid rates of IKKK inactivation, or rapid rates of TNF mRNA degradation, infected macrophages are the main cells that become activated or undergo apoptosis as a result of TNF activities (R activation and R apoptosis 1). However, with one order of magnitude increase in each of these parameters, resting macrophages become the main responders to TNF signaling (R activation and R apoptosis 1). Comparing these results with results from the previous section (Figure 3) , we observe a significant correlation between infected/resting cell ratios, R activation and R apoptosis , and the granuloma outcomes (i.e., bacterial load and inflammation). At large values of R activation and R apoptosis (values of 1-10 or greater), we observe uncontrolled growth of Mtb. Small values of these ratios (smaller than ∼0.1) correlate with excessive inflammation in tissue. Intermediate values of infected/resting cell ratios (between 0.1 and 1) are correlated with control of infection without excessive inflammation. The absolute values of these ratios are calculated based on our two-dimensional simulations and might change in three-dimensional settings. These results suggest that a balance between the number of resting macrophages and infected macrophages responding to TNF signaling is required for control of infection and inflammation within a stable granuloma, and that such a balance is critically regulated by NF-κB signaling dynamics.
THE STABILITY OF mRNA TRANSCRIPTS CONTROLS BACTERIAL LOAD, INFLAMMATION, AND GRANULOMA SIZE BY AFFECTING THE DYNAMICS OF NF-κB-MEDIATED RESPONSES
A key advantage of incorporating NF-κB signaling dynamics into our granuloma model is the ability to study the impact of the dynamics of NF-κB-mediated responses (i.e., macrophage activation, expression of chemokines, TNF, and inhibitors of apoptosis) on granuloma outcomes. These responses follow NF-κB oscillations (Nelson et al., 2004) . The dynamics of these responses depend, to a large extent, on the stability of their corresponding mRNA transcripts (Hao and Baltimore, 2009 ). Thus, we analyzed the effect of varying the stability of mRNA transcripts corresponding to macrophage activation (ACT), and expression of chemokines (CHEM), TNF, and inhibitors of apoptosis (IAP) on granuloma outcomes, bacterial load, and inflammation level (represented by the activated fraction of macrophages). Varying the stability (half-life; t 1/2 ) of mRNA transcripts significantly influences the dynamics of the NF-κB-mediated responses (e.g., chemokine secretion) in an individual cell ( Figure 5A ). Simulations show that the stability of mRNA transcripts for NF-κB-mediated responses, particularly ACT, TNF, and CHEM, significantly control bacteria numbers and inflammation level in tissue (Figures 5B,C) . The impact of the IAP mRNA stability on these model outcomes is less significant.
Our analysis shows that there are combinations of TNF, ACT, CHEM, and IAP mRNA transcript half-lives that lead to distinct model outcomes such as control of infection within stable granulomas, clearance, uncontrolled growth of bacteria, or excessive inflammation (see Figure 2) . For example, a containment outcome (as highlighted by yellow stars in Figures 5B,C) www.frontiersin.org may result from the following parameter combination: mRNA transcript half-life of 30 min for TNF, mRNA transcript half-life of 1 h for ACT, mRNA transcript half-life of 1 h for CHEM, and mRNA transcript half-life of 30 min for IAP. Increasing mRNA transcript stabilities for TNF and ACT from these values increases the chance of extensive inflammation in tissue, whereas reducing their values significantly enhance bacterial load. Increasing mRNA transcript stabilities for CHEM from the suggested value also slightly enhances bacterial load as well as granuloma size (data not shown). Further, our results suggest that there are combinations of mRNA stabilities for TNF-mediated responses that lead to clearance of Mtb without inducing excessive inflammation (see red stars in Figures 5B,C as an example) . This set of mRNA stability values significantly enhances the ability of granuloma to kill bacteria while limiting inflammation by controlling macrophage activation and apoptosis. Overall, these results suggest that the differential dynamics of NF-κB-mediated responses resulting from differential stabilities of their corresponding mRNA transcripts are essential to regulate granuloma's ability to control infection and inflammation.
THE TIMING OF NF-κB-INDUCED MACROPHAGE ACTIVATION IS CRITICAL TO CONTROLLING EXCESSIVE INFLAMMATION
In the previous section, we showed that stability of mRNA transcripts associated with NF-κB-mediated inflammatory molecules significantly affects the immune response to Mtb. The stability of mRNA controls both the extent and the timing of NF-κB-mediated responses in individual cells (Tay et al., 2010) . However, it is not clear whether it is mostly the extent of response, the timing of response, or both that influence granuloma outcomes. In other words, how important is the speed of each individual macrophage's response to TNF signals in determining the overall function of a granuloma? To address this question, we analyzed the effect on granuloma outcomes of varying the stability of ACT, CHEM, TNF, and IAP mRNA transcripts while maintaining the average extent of these responses at their containment baseline Frontiers in Physiology | Computational Physiology and Medicine levels (determined in the previous section). To maintain the average extent of each response as its corresponding mRNA stability is varied, we simultaneously vary another parameter associated with a process downstream of mRNA translation. Parameters varied to adjust the extent of the four NF-κB-mediated responses are: TNF secretion rate (e 3TNF ), chemokine secretion rate (e 3chem ), ACT concentration threshold for macrophage activation (τ ACT ), macrophage activation rate constant (k ACT ), and apoptosis inhibition constant (k IAP ). For example, we increase the chemokine mRNA half-life [t 1/2 (CHEM)] and decrease the chemokine secretion rate (e 3chem ) simultaneously to achieve the same average number of chemokine molecules secreted in tissue by an individual macrophage ( Figure 6A) .
Analysis of granuloma simulations indicates that among the four major NF-κB-mediated responses studied here (TNF, CHEM, ACT, and IAP), only the timing of ACT response, i.e., macrophage activation, is critical to control of inflammation in tissue as well as bacterial load within a granuloma (Figures 6B,C) . Early NF-κB-mediated activation of macrophages that occurs because of highly unstable ACT mRNA transcripts lead to uncontrolled activation of macrophages and excessive inflammation in tissue. This suggests that both extent and timing of NF-κB-mediated macrophage activation are critical to control of the immune response to Mtb.
CAN MANIPULATING TNF-MEDIATED NF-κB SIGNALING DYNAMICS IMPROVE GRANULOMA FUNCTION?
Above we showed that optimal regulation of NF-κB signaling dynamics is critical to control of infection within a granuloma and control of inflammation in lung tissue. Thus, impairing NF-κB activation leads to uncontrolled growth of bacteria that is in agreement with NF-κB knockout experimental studies (Yamada et al., 2001) . The repression of NF-κB signaling in infected macrophages is also a mechanism that pathogenic mycobacteria use to enhance their survival and growth (Gutierrez et al., 2008 ). An important question is then: can we find a hypothetical treatment strategy that 
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affects TNF-mediated NF-κB signaling in a granuloma to improve ability to control bacteria? We first simulate formation of a granuloma that is unable to control bacterial growth due to impaired NF-κB signaling (e.g., at high rates of IKKK inactivation, k i ) for 100 days. Then, we change one or more of the NF-κB-associated parameters to restore NF-κB activities within the granuloma and resume simulation for another 100 days.
Our analysis, as depicted in Figure 7 , indicates that reducing k i (IKKK inactivation rate constant) from high values to intermediate (containment-level) values (Treatment I) enhances the ability of a granuloma to control bacteria. However, average bacteria levels for a 200-day granuloma after changing k i are generally higher than bacteria levels resulting from simulating a containment scenario. A further decrease in the value of k i (Treatment II) is more successful in killing bacteria. However, it leads to uncontrolled activation of macrophages and excessive inflammation in tissue. This suggests that targeting the process of IKKK inactivation alone is not sufficient for infection control at the granuloma scale. In another set of simulations (Treatment III), decreasing k i to intermediate values, together with manipulating stability of mRNA transcripts associated with NF-κB-mediated responses (based on results from Figure 5 ) leads to better outcomes. Increasing the half-life of TNF FIGURE 7 | Manipulation of TNF-mediated NF-κB signaling for improving granuloma function. Comparison of the dynamics of (A) bacteria growth, (B) activated fraction of macrophages, and (C) granuloma snapshots among three different treatment methods for enhancing NF-κB activities. In all treatments, we first simulate formation of a granuloma that is unable to control bacteria growth due to impaired NF-κB signaling at high rates of IKKK inactivation (k i = 3.16 × 10 −2 s −1 ) for 100 days (all other parameter values are as listed in Tables A1, A3 , and A5 in Appendix). Then, we change one or more of the NF-κB-associated parameters to restore NF-κB activities within the granuloma and resume simulation for another 100 days. Parameter changes in each treatment are as follows: treatment I: mRNA transcripts to 3 h, reducing the half-life of ACT mRNA transcripts to 30 min, and setting the IAP mRNA transcripts to 1 h improves the granuloma outcome, inducing efficient killing of bacteria without excessive inflammation. Overall, this suggests that manipulating the dynamics of NF-κB-mediated responses, particularly macrophage activation, TNF and IAP expression, can improve the function of a TB granuloma.
DISCUSSION
Systems biology approaches have been increasingly helpful for studying the interactions between the components of biological systems, and understanding how these interactions give rise to the function of the system. These approaches are particularly essential for studying systems that consist of several components on different spatial and temporal scales, as they are extremely challenging to study using traditional experimental methods. An important example is to study the role that the dynamics of intracellular signaling pathways, with time-scales of seconds to hours, play in the long-term immune response of a host to a pathogen. In this work, we focus on this problem by asking if simulations of the immune response can successfully capture both short and longterm dynamics over length scales that range from molecular to tissue. We build and simulate a multi-scale model to explore the impact of NF-κB dynamics on the long-term immune response to the pathogen Mtb. NF-κB plays an important role in coordinating both innate and adaptive immunity. A recently published study of the pathway uses data from cells in culture to elucidate the kinetics of the pathway and to identify critical intracellular mechanisms controlling the NF-κB response in a single cell (Tay et al., 2010) . A recent modeling study has also shown how NF-κB response can control cytokine waves in tissue (Yde et al., 2011 ). Yet it is unclear how these mechanisms affect the immune response in tissue, where immune cells and bacteria interact with each other and determine the outcome of infection.
Immune responses induced by Mtb infection are myriad and complex, and it remains incompletely understood which responses are required for protection and which contribute to pathology (Cooper, 2009; . Indeed, there is significant overlap among protective and pathological responses. An important example, as dissected in this study, is TNF-induced NF-κB activation. Figure 8 summarizes our results showing how NF-κB-mediated responses are critical for restricting bacterial growth in a granuloma, but excessive activation of the NF-κB pathway in macrophages leads to pathological inflammation in tissue. Containment of bacteria, particularly at the level of the granuloma, is achieved when a balance exists between the NF-κB-mediated bacterial killing activities and the NF-κB-mediated inflammation. Such a balance is controlled by a combination of molecular scale biochemical processes identified in detail in this study, such as IKKK activity, A20 and IκBα interactions, and stability of mRNA transcripts associated with NF-κB-mediated responses. Optimal regulation of these processes, in the presence of an efficient T cell-meditated response, can lead to clearance of bacteria. Further, we find that processes controlling the dynamics of NF-κB signaling critically regulate whether resting macrophages or infected macrophages are the major targets for TNF signaling within a granuloma. Unless sufficient numbers FIGURE 8 | Optimal regulation of the TNF-mediated NF-κB signaling dynamics is essential for optimal granuloma outcomes. Impaired NF-κB activity leads to uncontrolled growth of bacteria within a granuloma (outcome I). Containment or clearance of bacteria (outcome II) is achieved when the NF-κB-mediated responses are regulated such that small, but sufficient numbers of macrophages become activated to kill bacteria. Uncontrolled macrophage activation due to over-activity of NF-κB leads to excessive inflammation in tissue (outcome III).
of resting macrophages relative to infected macrophages become activated by TNF, uncontrolled growth of Mtb occurs. On the other hand, excessive activation of resting macrophages leads to uncontrolled inflammation. These findings highlight the potential importance of NF-κB-associated processes as targets in future studies examining approaches to controlling both TB infection and pathology.
Another interesting finding from our study is that the stability of mRNA transcripts corresponding to NF-κB-mediated responses, particularly macrophage activation and expression of TNF and chemokines, significantly affects bacterial load in a granuloma, inflammation level in tissue, and granuloma size. This is due to the impact of mRNA stability on the kinetics of these responses (Hao and Baltimore, 2009 ). Tay et al. (2010) have also described how differences in stability of NF-κB-induced mRNA transcripts and TNF concentration influence the dynamics of expression of different inflammatory genes. We find that both the extent and the timing of NF-κB-mediated macrophage activation are critical to control of the immune response to Mtb. However, the significance of the stability of TNF and chemokine mRNA transcripts is mostly due its effect on the extent of these responses. This is the first study, to our knowledge, that reveals the importance of the dynamics of various NF-κB-mediated responses on immunity to Mtb. Further, we show that manipulating the dynamics of these www.frontiersin.org responses in a granuloma that is unable to contain infection due to, for example, pathogen-induced inhibition of NF-κB activation can significantly improve granuloma function.
Finally, our approach is an initial step toward understanding the molecular targets at the level of intracellular signaling pathways for control of the tissue-scale outcomes of the immune response to Mtb, particularly granuloma formation. We anticipate that other factors, including crosstalk between signaling mediated by the Mtb bacteria and other cytokines through various types of receptors and different signaling pathways (Basak and Hoffmann, 2008) in various types of cells, or the noise resulting from discrete regulation of TNFR activity and transcription regulation (Lipniacki et al., 2007) will further influence the ability of a granuloma to contain infection. Importantly, our unique multi-scale approach provides a platform for discovering which intracellular interventions may enhance immunity to Mtb, and has implications for testing and optimizing new vaccine and therapeutic strategies that minimize non-specific or off-target side effects.
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